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Abstract 
Industry releases vast amounts of heat energy as dissipative waste heat to the atmosphere. It is therefore necessary to acquire a better understanding 
of the waste heat potentials in manufacturing. The paper presents an integrated approach for identifying and quantifying waste heat potentials of 
different production processes. The identification is based on an estimation procedure followed by a simulative assessment of production 
processes to quantify and allocate waste heat over time. The approach further elaborates on a potential source and demand matching of heat 
streams. A case study from the automotive industry demonstrates the applicability of the approach. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
In December 2015 the world has agreed to undertake action 
reducing carbon emissions aiming to keep global average 
temperature well below 2°C above pre-industrial levels. For 
Europe the target is to cut greenhouse gas emissions (from 1990 
levels) at least by 40% until 2030. 
Heating and cooling account for 46% of the overall energy 
demand worldwide. A significant amount of this demand 
(66%) is met supplying fossil fuels [1]. Industry can make a 
major contribution to that since 34% of the overall heat demand 
is accounted for as industrial heat in Europe [2]. Here it should 
be noted that vast amounts of that heat energy as well as 
conversion related heat e.g. from electricity are lost as waste 
heat. With respect to industry, many efforts have been made to 
contribute to the reduction of CO2 emissions by focusing on 
energy efficiency improvements, e.g. efficient use of electrical 
energy and/or auxiliary media such as compressed air [3]. 
However, despite having different approaches and methods for 
energy efficiency improvements available, only limited effort 
has been made to increase the usage of waste heat [4]. As a 
starting point in manufacturing, many technical processes emit 
waste heat which originates from thermal or mechanical 
processes. Depending on the respective temperature level, 
waste heat can either be directly used as an energy source or 
indirectly for other processes, e.g. to convert it into electricity. 
Direct use might bear the highest potential for low-temperature 
waste heat whereas indirect use through conversion might be 
most appropriate for temperature levels above 150°C. 
Depending on the temperature level the overall potential of 
waste heat recovery is estimated to range from 32% up to 80% 
[5]. To capture this potential different methodological and 
technological approaches have been proposed. Yet, the 
majority of these approaches remains on a conceptual basis and 
do not provide direct decision support. 
Therefore, an integrated approach to assess waste heat 
potentials considering different manufacturing levels is 
proposed. To go beyond conceptual descriptions, the approach 
employs different methods ranging from static calculations, to 
simulations and mathematical optimization. Each step of the 
approach is supported by an easy-to-handle tool to facilitate the 
identification and quantification of waste heat potentials. The 
approach is demonstrated using a case study from the 
automotive industry. 
2. Waste Heat in Manufacturing 
2.1. Description and forms of waste heat 
Waste heat can be described as a stream within a machine 
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system resulting in energy losses [6]. Such streams transmit or 
radiate the waste heat via the machine surface, cooling streams 
or via exhausts to the environment. Both forms of waste heat 
can be considered for waste heat reuse [6]. To quantify the 
waste heat, the energy content of the waste heat stream is 
described as follows:  
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The quantity of the waste heat stream ሶܳ  [W] is a function of 
the waste heat stream mass flow rate [kg/h] and the waste heat 
stream specific enthalpy h(T) as a function of the temperature 
of the heat source to the heat sink [5]. The quality of waste heat 
is defined by the waste heat temperature with regards to the 
applicability of recovery technologies.  
2.2. Examples of waste heat in manufacturing 
Waste heat can occur in multiple forms e.g. as hot 
combustion gas in an oven, warm waste water from washing 
processes or absorbed heat in cooling fluids [6]. In the U.S., 
two third of the industrial heat demand corresponds to high-
temperature heat (above 500°C) e.g. from metal furnaces and 
ovens. The waste heat can be recovered for high-quality 
energy, available for diverse uses. Medium-temperature waste 
heat (230°C-650°C) originates from process exhausts or drying 
ovens [6]. Practically, it is used for combustion or process 
preheating or steam generation. Particularly in manufacturing, 
waste heat with lower temperature can occur with large 
quantities contained in numerous exhaust streams e.g. cooling 
water, washing machine exhausts and air compressors. Typical 
recovery methods are space and domestic water heating or 
temperature upgrading via heat pumps [6]. 
One of the most efficient waste heat recovery options is 
local reuse in the same process to minimize the local energy 
demand [6]. If the waste heat cannot be used in the same 
process, the transfer of the waste heat to other processes and 
systems can be considered as an option. Another option regards 
the direct use of low-grade waste heat services (<100°C) to 
support building and space heating [7]. Hence, it is beneficial 
to check for suitable waste heat cascading options or storing 
alternatives e.g. warm water tanks to gain the most of the 
energy used. 
2.3. Barriers/obstacles to waste heat utilization 
Even so the potential is there, waste heat recovery has been 
rarely implemented due to numerous economic, technological 
and organizational obstacles. These obstacles are often 
interrelated to each other leading to different tradeoffs 
regarding either the profitability or efficiency of waste heat 
recovery options, e.g. including [5,6,7]: 
x Economic obstacles, e.g. long payback periods and costs 
for operation and maintenance or material constrains. 
x Temperature restrictions, e.g. the lack of end-use of waste 
heat, especially low-temperature waste heat recovery 
technologies are less developed and costlier. 
x Information restrictions, personal and time effort for the 
identification of waste heat sources as well as a lack of 
communication. 
x Knowledge limitations, due to a lack of experts and 
missing methodological and planning support. 
x Administrative restrictions e.g. lack of infrastructure and 
bureaucratic effort for realization. 
x Differences in temporal and local existence of heat sources 
and sinks  
3. State of Research and Research Objectives 
3.1. Focus of waste heat concepts and approaches 
The need for understanding the potential of waste heat has 
been recognized by many governmental agencies and 
researchers [5,8,9]. Besides the distinction of different industry 
sectors, existing approaches can be classified with regard to 
system levels, namely a factory (F), process chains (PC), TBS 
and process/machine (P/M) level [3]. On these levels, 
approaches address waste heat aspects either deliberately or 
indirectly. 
On the process/machine level, Neugebauer et al. incorporate 
convective heat transmission to time-variable thermal 
simulation to improve FEM results [10]. In addition to that, 
Zuest et al. propose a numerical simulation model to quantify 
heat release of machine tool subsystems such as the internal 
cooling system of a lathe [11]. Another approach from Schrems 
considers both resulting heat from machine tool subsystems 
and components to predict the energy demand of single 
machine types as well as possibly resulting process chains 
thereof [12]. With respect to the TBS level some authors 
present numerical simulations for specific 
processes/technologies (e.g. heat pumps) with a particular 
focus on recovering low grade waste heat [13]. While Brückner 
and colleagues compare different waste heat recovery 
technologies regarding their economical benefit subject to 
different consumer types and operating hours [14]. A more 
technical perspective on waste heat recovery technologies is 
proposed by Oluleye et al. by presenting four simplified 
mathematical models which are incorporated into a 
methodology for assessing the recovery potential of useful 
energy from waste heat by using preliminary heat recovery 
temperatures for process sites [15].  
Besides single machine simulations, a new simulation 
paradigm known as coupled or co-simulation approaches 
evolved, which enable an analysis of various systems and their 
interrelations to each other [16,17]. In that context, Loebner 
and colleagues propose a generic description of a system 
comprising different system components including heat related 
component and its relations to each other to identify potential 
leverages for improving the overall energy demand [18]. 
Bleicher et al. base their work on [18] and present a planning 
approach for production facilities that couples simulation 
models for machines, energy systems and the building [19]. 
Thiede et al. propose in that context a multi-level simulation 
framework and recommendations for selecting appropriate 
coupling concepts [20]. 
With regard to the overall factory level several approaches 
originate in the domain of process engineering and commonly 
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known as heat integration. Stoltze et al. present a combinatorial 
method for integrating a sufficient number of heat storage tanks 
in heat-exchanger networks while achieving maximum energy 
saving targets [21]. Krummenacher addresses in his work 
indirect and direct heat integration of batch processes by 
developing an automatic design and optimization method using 
a genetic algorithm [22]. Beckmann uses another method based 
on the Hungarian algorithm to identify heat sources and 
demands and an improved network design taking different 
temperature levels and discretized time steps into account [23]. 
Another method proposed by Bending et al. helps identifying 
waste heat of industrial systems while distinguishing between 
avoidable and unavoidable waste heat leading to improved 
decisions regarding waste heat valorisation processes [24].  
Table 1 provides an overview of various waste heat related 
approaches with models from different domains and 
manufacturing levels. The approaches are evaluated according 
to the addressed system levels (F, PC, TBS, P/M), the major 
scope (identification (I), quantification (Q), evaluation (E)) and 
type (simulation including FEM (S), mathematical modeling 
(MM)). Parentheses in Table 1 indicate that the category may 
only be partially fulfilled from a methodological point of view. 
Table 1. Classification of research contributions. 
References Levels Scope Type 
Neugebauer et al. (2010), Züst et al. (2015) 
P/M, 
(TBS) 
Q S 
Schrems (2014) P/M, PC (I), Q S 
Jeong et al. (1998), Brückner et al. (2015), 
Oluleye et al. (2015a) 
TBS Q, E 
S, 
MM 
Loebner et al. (2011), Bleicher et al. (2014), 
Thiede et al. (2016)  
F, PC, 
TBS, P/M 
Q, (E) S 
Stoltze et al. (1995), Krummenacher (2002) F, TBS E MM 
Beckmann (2013), Bendig (2013) F, TBS (I), E MM 
 
The literature review reveals an existing research gap 
concerning a manufacturing tailored approach dealing with 
waste heat while encompassing different manufacturing levels. 
As a consequence, three main objectives are derived: 
x Propose an integrated approach combining different system 
levels to include machine as well as system evaluation, 
x Structured procedure that divides the aspects of waste heat 
identification, quantification and evaluation into phases, 
x Support for executing the proposed phases of the approach 
by providing tools. 
4. Approach for unlocking waste heat potentials  
The proposed approach combines the advantages of 
different methods and tools to an easy-to-handle sequence of 
phases to facilitate the identification and quantification of 
waste heat potentials in manufacturing. The approach can be 
used for green as well as for brown field sites. The provided 
tools range from deriving waste heat results from a minimal 
information basis over simulative assessments to mathematical 
optimization models. All of these tools can be employed 
regardless of the user’s knowledge about simulation or 
mathematical optimization.  
To achieve that the proposed approach follows a workflow 
comprising three phases that are linked to each other by data 
flows, as shown in Fig. 1. The first phase describes a waste heat 
potential screening of the production by using basic or minimal 
data. The second phase takes a closer look at selected processes 
with a high waste heat potential as an output from the first 
phase to gain information about the temporal resolution and 
source of the process waste heat. The third phase provides 
results for potential waste heat integrations recommending and 
quantifying the best matching of waste heat sources and heat 
demands based in the information from phase 1 and/or 2. With 
regards to the planning levels the first and second phase rather 
reveal operational relevant information, whereas the results of 
third phase most likely imply new investment efforts which are 
more likely to be addressed on a strategic planning level.  
 
Fig. 1. Approach for unlocking waste heat potentials. 
4.1. Waste heat potential screening 
The first phase of the approach estimates waste heat 
potentials based on minimum information such as a machine 
list and associated minimum media information (e.g. nominal 
power values for electricity demand) and best-practice process 
parameters enriched by subsequent measurements of the most 
relevant machines. To achieve this, this phase follows three 
consecutive work steps, as shown in Fig. 2: 
1. Prioritization of waste heat potentials based on a calculated, 
theoretical potential per machine. This reveals a ranking of 
potential waste heat sources based on minimal machine data 
such as nominal power values, operation time, type of 
technical process and its used energy forms and media.  
2. Estimation of waste heat quality and quantity of the selected 
machines. The qualities of waste heat streams are derived 
from the specific output temperatures. The waste heat 
quantities of the machines are estimated based on the 
process properties and temperature range according to 
equation (1). Based on a comparison of all machines, the 
ones with the highest potential are chosen for the next step.  
3. Measurement of selected machines and evaluation of the 
technical recovery potential of the waste heat source. The 
measuring includes e.g. the waste heat temperature, flow 
rate as well as operation time of the machine and is executed 
under the standard production conditions while the 
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machines operate normally. The main advantage of this 
intial work step, is the relatively low measuring effort by 
limiting the potential sources which often entails a high 
organisational and economical effort. 
 
 
Fig. 2. Order of waste heat potential screening. 
4.2. Waste heat machine simulation 
After identifying the most relevant waste heat processes, 
this phase examines the energy and media demand of these 
processes over time which is usually not constant but very 
dynamic depending on the manufacturing process and its actual 
machine states. This is a crucial step, because phase 1 only 
provides an estimate on the waste heat potential accepting the 
fact that dynamic effects of the machine behaviour might be 
averaged out. However, only the identification of fixed and 
variable energy demand as well as the influence of specific 
machine components reveals important insights and measures 
for accurate waste heat occurrences [25]. To cope with this 
aspect, this phase provides a selection of different machine 
simulation models representing at least one model for each 
main group of manufacturing processes according to DIN8580. 
This covers a sufficiently wide range of processes to ensure a 
comprehensive applicability in industry. The machine 
simulation models are then realized following a discrete-event 
simulation (DES) and agent-based (AB) approach also using 
dynamic systems (DS). DES has been used to model the change 
between machine specific states e.g. idle/wait or processing as 
well as to ensure a smooth integration of single machine models 
into entire process chains. The AB approach has been 
employed to enable an individual and flexible product flow due 
to the ability between products and machines to exchange 
information with each other in real-time such as availability, 
failures etc. Thus, products and machines are modelled as 
agents providing and storing individual information, 
respectively. The machine agents can be subdivided into 
different process types. The assignment of a machine agent to 
a process type occurs at a certain operating step within the 
machine agent. The DS calculations continuously imitate 
conditions over time which is why it has been used to compute 
all dynamic variables such as product temperature and process 
related waste heat. 
Fig. 3 shows the three main elements of a machine 
simulation model in this phase starting with the highest level of 
aggregation and ending with the most detailed information in 
the third element. 
The first element illustrates the link between the machine 
and product agents where certain events only occur at discrete 
time steps such as product waiting, product agent batching if 
required, product processing and possibly unbatching of the 
formerly created product batch. This is also a typical 
representation in which process chains are simulated. 
The second element depicts the different operating states in 
form of a generic machine state chart ranging from off to set-
up, ramp up, idle, processing and failure (including 
maintenance) state. Each of these states is triggered by a 
transition such as a message, timeout or specific condition. 
 
Fig. 3. Elements of the waste heat machine simulation models. 
Based on the prior selected manufacturing process, the 
machine model behavior is specified within the ‘processing’ 
state. The selection is based on a machine model database 
including process specific waste heat calculations also taking 
different machine components and processing steps into 
account. The calculations within this element are realized using 
different activity charts and dynamic systems calculations e.g. 
comprising calculations of heat transition, thermal radiation 
and induced product heat.  
As a result, this phase provides process specific waste heat 
load profiles as well as a breakdown of the resulting waste heat 
into the machine specific components and waste heat forms. 
Based on this information more accurate results can be 
generated in the next phase of the approach. 
4.3. Waste heat integration  
The third phase of the approach states options to realize 
beneficial combinations of heat requiring (demand) and waste 
heat providing (sources) processes. In that context it is crucial 
to solve different problems in the following, sequential order: 
1. Determine the minimum utility demand for heating and 
cooling and its associated costs, 
2. Determine the optimal waste heat exchanger design 
(WHED) with a minimal number of exchange units and 
information about the amount of waste heat transferred 
from one waste heat stream to another media stream. 
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To achieve that, various models using mathematical 
programming have been formulated in literature. However, the 
most commonly employed models are linear programming 
(LP) models for the first and mixed integer linear programming 
(MILP) models for the second problem. The first problem (LP) 
is time wise no issue whereas models from Papoulias and 
Grossmann [26] proved to give good results in a reasonable 
amount of solving time for the second problem (MILP) due to 
its structure and selection of binary/integer variables which 
strongly influence the solving time of optimization models. 
Due to the sequential solving procedure of both models, the 
results from the first problem (LP) are directly incorporated as 
a constraint into the second problem (MILP) for determining 
the optimal WHED. However, at that point it cannot be ruled 
out that multiple, optimal solutions for the WHED exist. 
Because of that, the second model (MILP) focuses on 
determining the WHED solution with the minimal number of 
exchange units which also implies a minimal number of 
connection constraints. To support users with the application of 
both models, an integrated tool has been developed as shown 
in Fig. 4.  
 
 
Fig. 4. Concept for supportive waste heat integration tool. 
Fig. 4 illustrates the general concept as well as four user 
work steps of the tool. At first, the input data for this tool can 
either come from the ‘waste heat potential screening’ work step 
of the overall approach or as an updated information from the 
‘machine simulation models’. These data state the basis for 
potential waste heat source and demand matches. Secondly, the 
user can specify different connection constraints that must not 
be considered e.g. due to large distances or diffuse waste heat 
sources by indicating them with a “1” in a specific waste heat 
process matrix. As a next step, both optimization models 
implemented in MATLAB using integrated solvers/functions 
for the LP model (linprog) and the MILP model (intlingprog) 
can be run. This is realized by using an integrated interface 
connecting the user perspective with the data perspective 
containing the logic of the tool which is hidden for the user. 
The last step displays the results from both models showing the 
minimal utility demand as well as the optimal WHED for the 
given processes.  
5. Case Study  
The proposed approach has been applied to an automotive 
transmission manufacturing case. This case represents a typical 
manufacturing area for production of chassis components from 
raw workpiece to finial product. The process chain includes 
different machine types primarily milling, turning, washing and 
surface treatment. Their varying sizes, operating hours, 
temperature levels as well as different process media and 
energy forms imply heterogeneous waste heat recovery 
potentials. Following the proposed approach, the results from 
the first phase (waste heat potential screening) reveal the most 
relevant machines, as listed in Table 2.  
Table 2. Waste heat data for automotive use case. 
Description ID Tstart 
[°C] 
Tend 
[°C] 
ΔḢ [kW] Media 
Cleaning system C1 25 60 1220,92 Water 
Washing machine C2 25 55 174,42 Water 
Preheating oven C3 25 400 1,28 Air 
Tempering C4 25 180 0,22 Air 
Oil bath (Hardening) H1 70 30 2160,00 Thermal oil 
Hardening oven H2 500 30 4,82 Air 
Multi washing machine H3 40 30 6,99 Air 
Turning machine H4 40 30 8,71 Lubricant 
Steam for heating ST 500 500 Var. Steam 
Cooling water CW 20 20 Var. Water 
 
Based on the results from the first phase the most promising 
machines in terms of waste heat potential have been listed in 
Table 2 enriched by results from the simulation models for the 
washing and turning machine as well as the hardening oven, as 
indicated by the dashed boxes.  
In addition to the different processes, Table 2 also provides 
information regarding the used heating (steam) and cooling 
(cooling water) utilities. As a next step, these results have been 
used in the third phase to compute the operating utility cost 
savings based on a price for heating of 0.045€/kWh and 
0.1€/kWh for cooling. Assuming a constant provision of all 
media and eight operating hours per day approximately 
6271€/day and more than one million per year can be saved 
ignoring necessary investments at this point.  
Yet, specific operating hours as well as machine 
availabilities needs to be further examined and included to 
derive more accurate energy saving potentials. 
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Table 3. Optimal evolved network for application case. 
Demands (H1-H4) 
Sources (C1-C4) 
H1   
[kW] 
H2 
[kW] 
H3 
[kW] 
H4 
[kW] 
Sum 
ST: 
C1 [kW] 1220,92 0 0 0 0 
C2 [kW] 174,22 0 0 0 0 
C3 [kW] 0 1,28 0 0 0 
C4 [kW] 0 0,22 0 0 0 
Sum CW: 764,86 3,32 6,99 8,71 0 
Table 3 shows the allocation of the waste heat potentials 
from the different sources to the different sinks as well as the 
amount of external utilities leading to the aforementioned 
operating costs. In that context, the biggest potential comes 
from the combination of the cleaning system (C1) with the oil 
bath of the hardening oven (H1) as indicated by the dashed box 
in Table 3. 
6. Conclusion 
This paper presents an integrated approach for unlocking 
waste heat potentials in manufacturing through systematic 
waste heat identification and quantification. To achieve this, 
the approach follows a methodology which comprises three 
different phases. Since each phase is supported by a tool, the 
approach goes beyond conceptual description. Due to the 
seamless integration of the tools within each phase of the 
approach, users do not have to invest a lot of time to build up 
any specific simulation or optimization models themselves 
while yet gaining all its benefits. Hence, the approach can be 
regarded as an integrated waste heat planning approach that 
identifies waste heat potentials based on minimum information 
first, gives prioritizations for further examinations of temporal 
waste heat occurrences before potential options for integration 
are suggested and quantified. This procedure addresses 
different system levels. A case study from the area of 
mechanical manufacturing from the automotive industry 
demonstrates the applicability and effectiveness of the 
proposed approach and reveals interesting waste heat recovery 
potentials in a heterogeneous manufacturing environment. 
Future work will focus on the development and integration 
of heat storage systems, their dimensioning and placing within 
the manufacturing system. In that regard, the integration of 
more detailed best available technologies will be considered 
and eventually modeled as well. 
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